Results from animal and human studies suggest that lithium in therapeutic doses may improve learning and memory and modify the risk of developing dementia. Additional preliminary studies suggest that subtherapeutic levels, including microlevels of lithium, may influence human cognition. OBJECTIVE To investigate whether the incidence of dementia in the general population covaries with long-term exposure to microlevels of lithium in drinking water.
D ementia is the leading cause of dependence and disability in the elderly population worldwide. 1, 2 As the mean life expectancy increases, the prevalence of dementia 3 and associated monetary costs are expected to increase exponentially. 4 The pathogenesis of Alzheimer disease is highly complex and likely to be multifactorial, including deregulated amyloid-β, phosphorylated τ, and glycogen synthase kinase 3, as well as inflammation, mitochondrial dysfunction, and calcium dyshomeostasis, suggesting that combination therapy or multitarget drugs might be effective. 5 Lithium is a multitarget drug that seems to possess neuroprotective abilities by modulating a large array of intracellular cascades and pathways involved in oxidative stress, inflammation, mitochondrial dysfunction, membrane homeostasis, and inhibitory effects on glycogen synthase kinase 3. [5] [6] [7] [8] Animal studies 9, 10 have found that long-term lithium treatment improves learning and memory, and human observational studies 11, 12 suggest that continued treatment with lithium may reduce the risk of dementia among patients with bipolar disorder. In bipolar disorder, treatment with lithium in usual therapeutic daily doses (600-2400 mg) for mood stabilization increases the risk of chronic kidney disease in the elderly population. 13 In accordance with this finding, lower doses have been used in trials investigating the effects of lithium on cognition among older individuals. 14, 15 A placebo-controlled, randomized 2-year trial suggested that long-term treatment with daily low-milligram doses of lithium (150-600 mg) may decrease the rate of developing Alzheimer disease and cerebrospinal fluid concentrations of phosphorylated τ among individuals with mild cognitive impairment. 14 Furthermore, in a 15-month, placebocontrolled randomized clinical trial, a microdose of 300 μg/d of lithium stabilized cognitive impairment in patients with Alzheimer disease. 15 We investigated whether the incidence of dementia in the general population covaries with long-term exposure to microlevels of lithium in drinking water, hypothesizing that higher long-term lithium exposure may be associated with a lower incidence of dementia.
Methods

The Registers
Data were obtained by linking Danish population-based registers using unique personal identification numbers, which are assigned to all 5.6 million persons living in Denmark. 16 
Selection of Cases
All patients with a hospital contact with a diagnosis of dementia as an inpatient or outpatient were identified in the DNPR (ICD-10 code DF F00-19 + G30.0-G30.9) and in the DPCRR (ICD-10 code DF F00-19) for the study period of January 1, 1995, through December 31, 2013. Patients in the registers with a diagnosis of dementia before entry into the study and back to The validity of the diagnosis of dementia in the Danish hospital registers is high because a registered diagnosis of dementia was found to be correct, fulfilling ICD-10 and/or DSM-IV criteria for dementia in 169 of 197 (85.8%) randomly selected inpatients and outpatients from the DNPR and the DPCRR based on a systematic review and scoring system of patients' medical journals, including history of dementia illness, cognitive test results, psychiatric evaluation findings, blood test results, electrocardiography findings, findings from computed tomography or magnetic resonance imaging of the brain, physical examination (including vital signs and neurologic examination) results, and evaluation of activities of daily living. 24 However, with regard to dementia subtypes, the degree of agreement between the registers and the results of the validating process was low (κ = 0.36; 95% CI, 0.24-0.48). 24 
Selection of Controls
A nested case-control study design was used. Control individuals were selected from a random sample that consisted of 1 500 000 persons in the Danish population that was registered on January 1, 1995. For each patient with dementia, we randomly sampled 10 controls from the age-(1 month) and sex-matched subpopulation under the additional condition that controls were alive and did not have dementia at the index date of the patient Key Points Question Is a higher lithium level in drinking water associated with a decreased incidence of dementia?
Findings In this Danish nationwide, population-based, nested case-control study of 73 731 patients with dementia and 733 653 control individuals, the level of lithium exposure was lower for patients with a diagnosis of dementia than for controls. Similar patterns were found with Alzheimer disease and vascular dementia as outcomes.
Meaning Exposure to higher long-term lithium levels in drinking water may be associated with a lower incidence of dementia.
with dementia. Patients with dementia and controls were excluded from all analyses if no information on municipality of residence was available between 1986 and the index date.
Lithium Exposure Assessment
Drinking water samples from 151 waterworks taken from 2009 to 2010 and 2013, supplying approximately 42% of the Danish population, were used to estimate the lithium drinking water level for the entire country based on the kriging interpolation method. [25] [26] [27] On the basis of the kriging map, a timeconstant mean lithium level in each of the 275 municipalities in Denmark was calculated. 26 Kriging is based on spatial autocorrelation estimates obtained by fitting a semivariogram. Different semivariograms were used to evaluate the effect of the selected spatial autocorrelation estimates on the estimated kriging map. Furthermore, inverse distance weighting was used as an alternative interpolation method. Different semivariograms used for the kriging and inverse distance weighting resulted in similar maps (details are described in the article by Knudsen et al 26 ). The Danish municipality to which the home address of a study participant (patient with dementia or control) belonged in a certain year was obtained for all years from 1986 to the index date. Thus, analyses accounted for whether individuals moved from one municipality to another, resulting in a change of exposure to lithium in drinking water. This information was used to compute the participantspecific mean level of lithium in drinking water according to the addresses of all study individuals in the study period (details are described in the article by Knudsen et al 26 ).
Statistical Analysis
Analyses were performed among individuals aged 50 to 90 years. In the primary analyses, the distribution of lithium exposure was compared between patients with dementia and controls. The association between exposure to lithium in drinking water and the incidence rate of dementia was estimated using a Cox proportional hazards regression model fitted to the nested case-control sample, 28 providing incidence rate ratios (IRRs) of dementia with 95% CIs. In this analysis, the mean exposure to lithium in drinking water was categorized into 4 groups (2.0-5.0, 5.1-10.0, 10.1-15.0, and 15.1-27.0 μg/L). The lowest group (2.0-5.0 μg/L) was used as a reference for the IRR calculations. A sensitivity analysis was performed in which the continuous association between the mean lithium level in drinking water and the IRR of dementia was analyzed by using restricted cubic splines with 5 knots set at the quantiles of the mean lithium exposure in drinking water. 29 By sampling controls from the risk set at the dates of dementia diagnosis and by matching for age, we determined that the association between mean lithium exposure and dementia IRR can be interpreted as IRRs between individuals living constantly during the same age interval (since beginning of exposure ascertainment and since birth) in areas with given lithium levels in drinking water. Urbanicity (density of population) influences the risk of schizophrenia 30 but not bipolar disorder, 31 and it is unclear whether urbanicity influences the risk of other brain disorders, such as dementia. To investigate whether urbanicity had a confounding effect, a sensitivity analysis was conducted adjusting dynamically over time for urbanicity of place of residence (capital or capital suburb [reference], provincial city with <100 000 inhabitants, provincial town with >10 000 inhabitants, or rural areas). All analyses were repeated separately with a diagnosis of Alzheimer disease as the outcome and a diagnosis of vascular dementia as the outcome. P < .05 was considered to be statistically significant.
Results
After excluding patients with a prior diagnosis of dementia, 74 100 patients aged 50 to 90 years were identified with a diagnosis of dementia during the study period from 1995 through 2013. Municipality of residence was missing in the entire study period for 0.30% of patients and 0 
Discussion
Overall, we confirmed the hypothesis that higher long-term lithium exposure from drinking water may be associated with a lower incidence of dementia, although the association was nonlinear (Table and Figure) . This is the first study, to our knowledge, to investigate the association between lithium in drinking water and the incidence of dementia. The study has several advantages. The study was a nationwide, population-based, nested casecontrol study that included individualized longitudinal data on lithium exposure based on the municipality of residence of study individuals (patients with dementia or controls) during an up to 28-year exposure period from 1986 to 2013 and drinking water lithium samples from 151 waterworks sampled from 2009 to 2010 and in 2013, spatially covering all of Denmark combined with hospital data on incident dementia in an up to 19-year outcome period (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) . In this way, the study took into account whether individuals moved from one municipality to another, resulting in a change of lithium exposure in drinking water. Thus, in contrast to prior ecologic studies 32, 33 on lithium in drinking water and the association with various outcomes, such as suicide, the present study used individualized data on lithium exposure in drinking water linked individually with a diagnosis of dementia. Furthermore, the study included all patients with incident cases of dementia that resulted in hospital contact as an outpatient or inpatient in somatic and psychiatric hospitals or wards nationwide and 10 controls per case without a hospital contact with dementia. The validity of the diagnosis of dementia in the Danish hospital registers is high, 24 and although the hospital registers include data on diagnosis from secondary care only, the age-and sex-specific incidence of dementia is comparable to the results from the European digital elevation model (EuroDEM). 34, 35 In our study, the associations between long-term lithium exposure and the incidence of dementia were repeated when Alzheimer disease or vascular dementia was selected as an outcome, although the validity of dementia subtypes in the hospital registers is lower. 34 In addition to vegetables, drinking water is a major source of human lithium intake. 36 The levels of lithium in groundwater and drinking water are most likely stable over time because of the chemical properties of lithium and its slow leaching into the ground. 26 The geographic variation of lithium levels in Danish groundwater ranges from approximately 2 μg/L in some areas to nearly 30 μg/L in others. 26 Higher levels may occur in groundwater aquifers that are in contact with marine sediments. 37 Compared with drinking water in other regions of the world, the lithium levels observed in Danish drinking water are significantly lower and the range is generally more narrow 36 ; on a European scale, the levels are slightly higher than observed medians and means according to lithium statistics from more than 500 drinking water samples in Europe. 38 
Limitations
We did not adjust our analyses for accessibility to health care services that vary geographically and may influence the probability of diagnosis of dementia, specifically during early stages. Nevertheless, accessibility to health care services is increased in eastern regions of Denmark, where lithium levels generally are higher, and decreased in western regions, specifically in Jutland, where lithium levels generally are lower (ie, not taking account of accessibility to health care services in the analyses may tend to underestimate the association between lithium in drinking water and incidence of dementia). However, in a sensitivity analysis, we adjusted the model for urbanicity of residence, finding a direct inverse association with increasing risk of dementia in rural areas in contrast to prior findings of increased risk of schizophrenia in urban areas. 30 Furthermore, because all inhabitants in a given municipality are assigned the same level of lithium exposure, it cannot be excluded that other, unobserved environmental or social care factors related to individuals' municipality of residence might have confounded the association between lithium exposure and dementia rate. 39 Finally, it cannot be excluded that there may have been some long-term changes in lithium levels in drinking water during the study period from 1986 [2009] [2010] [2011] [2012] [2013] suggested that lithium levels were roughly stable over time and that there was no lithium removal or enrichment during the treatment at the waterworks. Nonlinear dose-response associations are often found in medicine, with a gradual increase in drug response at the lower doses and gradual leveling off in response at the highest doses. Bell-shaped response curves, occasionally with multiple modes, have been observed in some of the microdose nonlithium neuroprotective literature, 41 presumably reflecting the engagement of one neuroprotective mechanism of action followed by its loss as the dose is increased, only to engage another mechanism as the dose is further increased. Similar doseresponse associations may pertain to the nonlinear findings in our study (Table and Figure) . Our findings agree with results of the 2 longer-term randomized clinical trials on lithium in subtherapeutic doses producing stabilizing effects among individuals with mild cognitive impairment treated with low doses of lithium (150-600 mg) for 2 years 14 and patients with Alzheimer disease treated with a microdose of 300 μg of lithium for 15 months. 15 However, 2 small short-term randomized clinical trials of adults with mild to moderate Alzheimer disease did not observe a protective effect of lithium in therapeutic doses during 16 and 10 weeks, respectively, 42, 43 probably because of high dropout rates associated with lithium treatment at higher levels; the findings suggest that longer-term exposure with subtherapeutic lithium doses may be necessary to reveal a protective effect. Although studies on the effects of microdoses of lithium are controversial, observations suggest that biological effects of long-term microdoses of lithium are relevant in the pathogenesis of Alzheimer disease. For example, long-term treatment with lithium at subtherapeutic doses can modify the secretion of proinflammatory and anti-inflammatory interleukins in cocultures of cortical and hippocampal neurons with glial cells. 44 Furthermore, long-term microdoses of lithium have compared with higher doses-a more prominent effect on membrane homeostasis (which may be disturbed in Alzheimer disease)-by activating forms of cytosolic phospholipase A2 and calcium-independent phospholipase A2 in primary cultures of cortical and hippocampal neurons. 45 In addition, rats exposed to long-term (100 days) treatment with 125 mg/L of lithium in drinking water, which resulted in low mean (SD) blood lithium levels (0.1 [0.019] mEq/L), experienced activated brain phospholipase A2; this activation is required for memory retrieval and improved memory. 46 Other arguments that support the view that microlevels of lithium may affect human behavior derive from prior crosssectional studies 32, 33 based on ecologic, nonindividualized data that report that levels of lithium in drinking water correlate inversely with the rate of suicide and from a preliminary study 47 on the effects of nutritional lithium supplementation on mood. However, a newly conducted Danish study, 26 which used individualized data as the present study did, did not confirm the protective effect of exposure to lithium in drinking water and the risk of suicide. No brain imaging studies have been published on the effects of microlevels of lithium on brain functioning. Nevertheless, there is level 1 evidence of a positive association between lithium treatment in therapeutic doses and brain gray matter volume in multiple brain regions of relevance for Alzheimer disease, including hippocampus, amygdala, anterior cingulate, subgenual cingulate, inferior frontal gyrus, postcentral gyrus, and habenula. 48 
Conclusions
Long-term increased exposure to lithium in drinking water may be associated with a lower incidence of dementia in a nonlinear way. However, confounding from other factors associated with municipality of residence cannot be excluded. 
